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Wireless Clock Synchronization 

Reference to Related Applications 

This application claims the benefit of U.S. Provisional Application Serial No. 
60/248,357, filed November 14, 2000, and U.S. Provisional Application Serial No. 
60/270,254, filed February 20, 2001, all of which are incorporated by reference herein in 
their entirety. 

Field of the Invention 

The present invention relates to a method and system for synchronizing the 
clocks of wireless devices, hi particular, the present invention relates to synchronizing 
clocks of wireless receiving stations used to determine the location of mobile devices. 

Background of the Invention 

The proliferation of wireless devices in the recent past has been exceptional, and 
includes communication and computing devices that are able to exchange data or voice 
signals amongst each other and/or with a central location. These devices communicate 
typically through radio waves, over dedicated frequencies or dedicated segments of the 
electromagnetic spectrum. The range of these radio communications varies, and 
repeaters, cellular towers, or other nodes of the device's network may be used to extend 
that range. 
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Some of these devices may be cellular telephones, but increasingly the devices 
have multiple functions, such as portable or hand held computers with wireless 
capabilities, e-mail sending and receiving devices, pagers, or two way radio 
communication devices. The signals sent by these devices may also be used to locate the 
device, and thus the person using the device. For example, cellular telephones could be 
modified to pinpoint the caller's location in case of emergency. In some cases, beacons 
or locator devices may have the specific function of keeping track of the location of 
personnel in dangerous situations, such as firemen or other rescue workers. 

Various methods have been developed to determine the position of a device that 
transmits a radio signal. For example, triangulation can be used to locate a transmitter by 
using two or more directional receivers. The receivers however must be rather 
sophisticated, because they must be able to determine the bearing, or direction from 
which a radio signal arrives. 

Summary of the Invention 

The present invention is a method and system of synchronizing internal clocks 
of receiving stations of a locating system. A beacon transmits reference data packets at a 
known position. A first arrival time is compared to a second arrival time to determine a 
correlated arrival time data. The first arrival time is a time of reception of the reference 
data packets by a first receiving station, and the second arrival time is a time of reception 
of the reference data packets by a second receiving station. A linear polynomial fit is 
computed as a function of the correlated arrival time data and the first and second arrival 
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tiines. Times of arrival of data packets at the first and second receiving stations is 
synchronized as a function of the linear polynomial fit. 

In another aspect, the invention is a method of locating a mobile device 
comprising synchronizing internal clocks of receiving stations, receiving a data packet 
from the mobile device at pairs of the receiving stations, determining a synchronized time 
of arrival of the data packet at each receiving station of the pairs, and computing a 
location of the mobile device using hyperbolic trilateration, based on the synchronized 
time of arrival. 

Brief Description of the Drawings 

Figure 1 illustrates a plot showing an intersection of hyperbolas used to 
determine the position of a mobile wireless device according to an embodiment of the 
present invention; 

Figure 2 shows an exemplary layout of transmitting and receiving wireless 
devices according to one embodiment of the present invention; and 

Figure 3 shows an embodiment of the method for synchronizing the clocks of 
receiving stations used to locate a mobile device, according to the present invention. 

Detailed Description 

The present invention is a method and system for synchronizing the internal 
clock of wireless devices. In many circumstances it is highly desirable to determine the 
location of a wireless device. This ability may be invaluable in emergency situations, 
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where the user of the device has to be located. For example, it would be useful to locate 
a 91 1 caller using a cellular telephone even if the caller is incapacitated or cannot provide 
his location. In other cases, it may be useful to know the location of a wireless device, 
such as a Personal Digital Assistant that may be utilizing the IEEE 802.1 1, IEEE 
802.1 lb, IEEE 802.1 la, Bluetooth or any future standards related to wireless LAN 
(collectively, "the 802. llx network standards"), to provide location sensitive information 
to the device. 

The key to precisely locating a device that may transmit a signal is to perform 
precise timing operations. One method that may be used to determine the location of a 
mobile unit is to perform hyperbolic trilateration. According to this scheme, timing 
information may be mapped to location information. The mobile device that is to be 
located sends out a packet, or a transmission containing information such as, for example 
data describing the identity of the transmitter. The packet is received by a number of 
receivers that have a known location. The location of the receivers may be fixed, or the 
receivers may be movable. If the receivers are movable, their position has to be known 
by the system. 

The difference in time of arrival of the packet at any two of the receivers allows 
computation of a unique hyperbola in space, along which the mobile device is located. 
By considering the difference in arrival time of the packet at an additional pair of two 
receivers, a second hyperbola in space can be computed, along which the mobile unit is 
located. The intersection of the two hyperbolas so defined determines the exact location 
of the mobile device. An important feature of hyperbolic trilateration is that only the 
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relative time of arrival of the packet at each pair of receiving stations needs to be known, 
and not the absolute time of arrival, or the actual time when the packets are received. 
Once the relative time of packet arrival at two receiving stations is known, the location of 
the transmitting mobile device can be determined. 

Figure 1 shows a graphical representation of the method described above. A 
mobile device M transmits a packet of data that can be received by receiving stations A, 
B and C. The packet is received in turn by at least two pairs of receiving stations, for 
example pairs A, B and B, C. From each pair is computed an hyperbola along which the 
mobile device is located, such as hyperbolas A-B and B-C. Each point along those 
hyperbolas corresponds to a set of location coordinates, as shown in Figure 1. The 
intersection of the two hyperbolas defines the position of the mobile device. In this 
example, the mobile device is located at -33 units along the X coordinate and 22 units 
along the Y coordinate. 

In the locating system according to the present invention, each receiver is placed 
at a distinct location, with a clock that runs independently from the clocks of the other 
receiving stations. Because the clocks cannot be made completely identical, each clock 
has a distinct although very similar frequency, and its own random start time. To 
accurately determine the location of the moving device, the clocks at all receiving 
stations must be synchronized. If the receiving stations are at the same location, or are 
relatively close to each other, the required synchronization may be achieved by wiring the 
clocks together. However, if the receiving stations are at separate outdoors locations, it is 
cost prohibitive to wire the receivers together. 
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Embodiments of the present invention provide a method and system to 
synchronize the clocks of receiving stations that cannot practically be wired together. In 
one embodiment, a beacon is provided at a fixed, known location close to the 
geographical center point of the receiving stations. As shown in Figure 2, the beacon 10 
is centrally located relative to the receiving stations 12, 14, 16 and 18. The entire system 
is designed to locate a moving transmitting device 20. Although only one moving device 
20 is shown, the system may be applied to locate more than one device. 

Beacon 10 continuously transmits reference packets 22 of data that are received 
by each receiving unit 12-18. Such reference packets 22 may be created based on an 
802.1 lx network standard and transmitted by access points fixed in pre-determined 
locations within that network. Each receiving unit time-stamps the packets as they 
arrive. In an idealized condition where the beacon 10 is located equidistant from pairs of 
receiving stations, for example stations 14 and 16, and where the clocks of those 
receiving stations are identical, the time difference of arrival (TDOA) of the packet at 
those receivers would be zero, because each of the two receivers would receive the 
packet at exactly the same time, according to its internal clock. In practice, even if 
receiving stations 14, 16 were exactly equidistant from beacon 10, TDOA would not be 
zero if the two clocks are not synchronized. 

In synchronizing the clocks of all receiving stations according to the invention, 
the TDOA computed from the packets received from beacon 10 is forced to be equal to 
zero. To synchronize the clocks, the TDOA to all the receiver stations 12-18 is forced to 
be zero, even though the beacon 10 may not be equidistant from all receiving stations. 
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Since the expected value of the TDOA is constant, because beacon 10 and receiving 
stations 12-18 do not move relative to one another, the inaccuracy due to forcing the 
TDOA to be zero is not large, and may be compensated for later in the computations 
according to the invention. 

According to one exemplary embodiment of the present invention, the TDOA 
between two receivers A and B, which for example may be receiving stations 14 and 16, 
is computed by subtracting the timestamp from the clock of station B from the timestamp 
of the clock of station A. In other words, TDOAa/b = tjj - t^. In the case where beacon 
10 is equidistant to all receivers, the difference in time of arrival would be zero, and 
TDOAa/b = 0. As a first step, this is assumed to be true. If the time stamps for a series 

of packets received by any two receivers were correlated against each other, while using 
perfectly synchronized clocks, the graph of time stamps from receiver A against the time 
stamps of receiver B would be a straight line with a slope of 1. For example, if the 
arrival times indicated by clock A were plotted on they axis and arrival times indicated 
by clock B were plotted on the x axis, the equation for the straight line would be y - x = 0, 
or y = x. 

However, as explained above, the clocks of each one of receiving stations 12-18 
are independent, and thus have slightly different frequencies and start times. The graph 
of the arrival times in practice is therefore never a straight line of slope 1. Instead, the 
equation for the line is y = mx + b. In the equation, m is the slope of the line, and b is the 
y intercept. The slope of the line is a function of the difference in the frequencies of the 
two clocks being considered, while the;; intercept is a function of the difference between 
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the random clock start times of the two receivers. According to the embodiment of the 
present invention, a linear polynomial fit is used to determine the appropriate slope mdy 
intercept from the data. The linear polynomial fit may be determined using a least- 
squares methodology. 

If the clocks from the pairs of receiving stations A and B were perfectly 
synchronized, the slopes m would always equal 1, and the intercept b would always 
equal 0. In practice, the slopes and intercepts are continuously computed and updated 
according to the exemplary embodiment of the present invention. In this embodiment, 
the clock of one of the receiving stations is used as a reference clock, and all the clocks of 
the other receiving stations are corrected to match the frequency and start time of the 
reference clock. The reference clock according to the embodiment of the present 
invention may be chosen arbitrarily among the receiving stations, since only the relative 
times of arrival of data packets are important, not the absolute times. 

Once the polynomial coefficients for the slope and y intercept according to the 
present invention are determined, the non-zero TDOA for pairs of receiving stations are 
compensated for. The known difference in distance between each of the receiving 
stations 12-18 and the beacon 10 is used to determine the bias, or the correction factor 
applied to the actual TDOA between sets of two receiving stations, and the expected 
TDOA that is computed from the known location of the beacon 10 and receivers 12-18. 

Once the correction steps are taken according to the invention, every one of the 
clocks has three numbers associated with it, used to synchronize the clocks. Each clock 
has a slope m that generally will have a value different from 1 due to the frequency offset, 
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a y intercept b that is determined from the random start times of the clocks, and a bias 
due to the different distances to each of the receiving stations 12-18. 

When a packet 24 sent by mobile device 20 is received by one of the receiving 
stations 12-1 8, it is time stamped by the clock of the receiving station. The time stamp is 
then adjusted to compensate for frequency offset and the random start time of the internal 
clock. The TDOA between pairs of receiving stations is then calculated using the 
formula TDOAa/B = *A " *B> &s adjusted times of reception of the packet coming 
from the mobile device 20. After the TDOAa/B IS determined, the bias is added, to 
compensate for the nonzero TDOA associated with the calculations of m and b that were 
carried out in the clock synchronization step. When the TDOA for at least two pairs of 
receiving stations is computed, the location of mobile device 20 can be determined using 
hyperbolic trilateration. 

Figure 3 shows a flow chart describing the method, according to an embodiment 
of the present invention, used to synchronize the clocks of the receiving stations and to 
determine the position of a mobile device. The method will be described with reference 
to the components shown in Figure 2, although the method may be applied to other 
configurations with different numbers of receiving stations, moving devices and beacons. 
In step 100, reference packets 22 are sent out from beacon 10, and are received by 
receiving stations 12-18. As described above, in step 102 the slope m and they intercept 
b are computed for each of the receiving stations, assuming equal distances between the 
beacon 10 and each of the receiving stations 12-18. 
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Once the slope and;> intercept are computed, a bias is computed for each 
receiving station in step 104. The bias is computed from the known location of the 
beacon 10 and the receiving stations 12-18, as described above. Steps 100, 102 and 104 
are part of the synchronization step, used to calibrate the clocks of the receiving stations 
so that localization of the moving device 20 can be accomplished. Steps 106 through 1 12 
are directed to localizing the moving device 20, after the clocks have been synchronized 

In step 1 06 a packet 24 is sent from the movable device 20, and is received by at 
least two pairs of receiving stations. The TDOA for pairs of receiving stations is 
computed in step 108 utilizing the slope and j/ intercept computed previously to 
synchronize the internal clocks. In step 1 10 the TDOA's computed are corrected using 
the bias values computed in step 104, and the corrected values of TDOA for pairs of 
receiving stations are used to compute hyperbolas along which the moving device 20 is 
located. The hyperbolas computed for at least two pairs of receiving stations may then be 
used in step 1 12 to locate the moving device 20, as explained above. 

The present invention has been described with reference to an embodiment 
having one mobile device and four fixed receiving stations. However, other 
embodiments may be devised having additional moving devices and/or additional 
beacons and/or additional or fewer receiving stations. Accordingly, various 
modifications and changes may be made to the embodiments without departing from the 
broadest spirit and scope of the present invention as set forth in the claims that follow. 
The specification and drawings are accordingly to be regarded in an illustrative rather 
than restrictive sense. 
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1. A method for synchronizing internal clocks of receiving stations of a system, 
comprising the steps of: 

transmitting a reference data packet from a beacon at a known position; 

comparing a first arrival time and a second arrival time to determine a correlated 
arrival time data, the first arrival time being a time of reception of the reference data 
packet by a first receiving station, the second arrival time being a time of reception of the 
reference data packet by a second receiving station; 

computing a linear polynomial fit as a function of the correlated arrival time data 
and the first and second arrival times; and 

synchronizing the first and second arrival times of the reference data packet at the 
first and second receiving stations as a function of the linear polynomial fit. 

2. The method according to claim 1, wherein the computing step includes the 
substeps of: 

assuming equal distances between the beacon and the first and second receiving 
stations, computing a slope and a y-intercept of the correlated arrival time data; and 

computing a bias of the correlated arrival time data as a function of known 
distance differences between the beacon and the first and second receiving stations. 
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3. The method according to claim 2, further comprising the step of: 

repeating the comparing and computing steps for third and fourth receiving 
stations to determine a further slope, a further y-intercept and a further bias for the third 
and fourth receiving stations. 

4. The method according to claim 2, further comprising the step of: 

repeating the comparing and computing steps for a third receiving station in 
conjunction with the first receiving station to determine a further slope, a further 
y-intercept and a further bias for the first and third receiving stations. 

5. The method according to claim 3, further comprising the step of: 

correcting an arrival time difference between the first and second receiving 
stations and the third and fourth receiving stations as a function of an arrival time of a 
first data packet sent by a mobile device and a slope, a y-intercept and a bias computed 
for first and second pairs of the receiving stations, each of the first and second pairs 
including any two stations of the first, second, third and fourth receiving stations, the first 
pair including at least one receiving station which is not included in the second pair. 
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6. The method according to claim 2, further comprising the step of: 

repeating the transmitting, comparing and computing steps to update 
synchronization of the internal clocks of the receiving stations at a predetermined rate. 

7. A method for determining a location of a mobile device, comprising the steps of: 
synchronizing internal clocks of receiving stations; 

receiving a data packet from the mobile device by first and second receiving 
stations of the receiving stations; 

determining a synchronized arrival time of the data packet at the first and second 
receiving stations; 

calculating an arrival time difference between the first and second receiving 
stations; and 

computing the location of the mobile device, using a hyperbolic trilateration, as a 
function of the synchronized arrival time. 

8. The method according to claim 7, further comprising the step of: 

determining a corresponding synchronized arrival time for at least first and 
second pairs of the receiving stations, each of the first and second pairs including any two 
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of the first receiving station, the second receiving station, a third receiving station and a 
fourth receiving station, the first pair including at least one receiving station which is not 
included in the second pair. 

9. The method according to claim 7, further comprising the step of: 

determining a corresponding synchronized arrival time for at least first, second 
and third pairs of the receiving stations, the first, second and third pairs of the receiving 
stations including any two of the first receiving station, the second receiving station, the 
third receiving station, the fourth receiving station, a fifth receiving station and a sixth 
receiving station, the first pair including at least one receiving station which is not 
included in the second and third pairs, the second pair including at least one receiving 
station which is not included in the third pair. 

10. The method according to claim 7, wherein the synchronizing step includes the 
substeps: 

transmitting a reference data packet from a beacon at a known position; 

comparing a first airival time and a second arrival time to determine a correlated 
arrival time data, the first arrival time being a time of reception of the reference data 
packet at the first receiving station, the second arrival time being a time of reception of . 
the reference data packet by the second receiving station; 
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computing a linear polynomial fit as a function of the correlated arrival time data 
and the first and second arrival times; and 

synchronizing arrival time of the reference data packet at the first and second 
receiving stations as a function of the linear polynomial fit 

11. A system for synchronizing internal clocks of a mobile device locating network, 
comprising: 

receiving stations having the internal clocks; 

a processor connected to the receiving stations; and 

a beacon adapted for transmitting to the receiving stations a reference data packet, 
the beacon having a known location, 

wherein each of the receiving stations is adapted to forward arrival times of the 
reference data packet to the processor, and wherein the processor is adapted to compute a 
linear polynomial fit of the arrival times to synchronize a time of arrival of data packets 
received from a mobile device. 

12. The system according to claim 11, wherein the receiving stations includes are 
divided in pairs and wherein at least two pairs are used to locate the mobile 
device. 
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13. The system according to claim 11, wherein the processor receives first and second 
arrival times, the first arrival time being a time of reception of the reference data 
packet by a first receiving station of the receiving stations, the second arrival time 
being a time of reception of the reference data packet by a second receiving 
station of the receiving stations, wherein the processor comparing the first arrival 
time against the second arrival time to determine a correlated arrival time data, 
wherein the processor computes a slope and a y-intercept as a function of the 
correlated arrival time data and the first and second arrival times, assuming equal 
distances between the beacon and the first and second receiving stations, and 
wherein the processor computes a bias of the correlated arrival time data from 
known distance differences between the beacon and the first and second receiving 
stations. 

14. A method of synchronizing internal clocks of receiving stations of a locating 
system, comprising the steps of: 

transmitting a reference data packet from a beacon at a known position; 

comparing an arrival time of the reference data packet at each of a first pair of 
receiving stations to determine compared arrival time data; 
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computing a linear polynomial fit as a function of the compared arrival time data 
and the arrival times at each of the first pair of receiving stations; and 

synchronizing arrival times of the reference data packet at the first pair of 
receiving stations as a function of the linear polynomial fit. 

15. The method according to claim 14, further comprising the steps of: 

comparing an arrival time of the reference data packet at each of a second pair of 
receiving stations to determine compared arrival time data; 

computing a linear polynomial fit as a function of the compared arrival time data 
and the arrival times at each of the second pair of receiving stations; and 

synchronizing arrival times of the reference data packet at the second pair of 
receiving stations as a function of the linear polynomial fit. 

16. The method according to claim 15, wherein a first one of the receiving stations is 
included in both the first and second pairs of receiving stations. 
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17. The method according to claim 15, wherein the first pair of receiving stations 
includes first and second receiving stations and the second pair of receiving 
stations includes third and fourth receiving stations. 
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